Objectives: Diffusion tensor imaging (DTI) tractography has shown tract-specific pathology in temporal lobe epilepsy (TLE). This technique normally yields a single value per diffusion parameter per tract, potentially reducing the sensitivity for the detection of focal changes. Our goal was to spatially characterize diffusion abnormalities of fasciculi carrying temporal lobe connections.
Although hippocampal sclerosis is a hallmark of temporal lobe epilepsy (TLE) and its diagnosis is crucial for the lateralization of the seizure focus, MRI morphometry has shown bilateral widespread gray matter atrophy. [1] [2] [3] Conversely, white matter (WM) morphometry has shown atrophy 1, 4, 5 and increased T2 signal intensity, 6,7 more restricted to frontotemporal regions ipsilateral to the seizure focus.
Morphometry is a sensitive indicator of pathology. Its ability to convey information regarding tissue architecture is nevertheless limited. Alternatively, diffusion tensor imaging (DTI), a technique sensitive to the spatial displacement of water molecules, 8 allows making inferences about microstructural integrity of axons and myelin sheaths through the analysis of diffusivity perpendicular and parallel to the tracts. 9 By estimating the diffusion tensor, DTI tractography allows 3-dimensional depiction of WM tracts. 10 In TLE, tractography has been mainly used as a segmentation tool for whole-tract analyses, providing the mean value of diffusion parameters for the entire tract. 11 A global estimation of diffusion characteristics has limited sensitivity to detect subtle diffuse or focal changes. The goal of this study was to spatially characterize WM diffusion abnormalities along the trajectory of tracts related to the temporal lobe in drug-resistant TLE. We used subject-specific tractography bundle segmentation. After between-subject correspondence was obtained through an atlas-independent approach based on tract length, 12 we mapped groupwise differences between patients and control subjects onto the trajectories of the tracts. Furthermore, we assessed the reliability of pointwise analysis to lateralize the seizure focus compared with the whole-tract approach.
METHODS Subjects. We studied 30 consecutive patients with drug-resistant TLE undergoing presurgical evaluation at the Montreal Neurological Hospital (16 female; mean age 30 Ϯ 9 years; right-handed) and 21 healthy control subjects matched for age, sex, and handedness (10 female; mean age 30 Ϯ 7 years). Demographic and clinical data were obtained through interviews with the patients and their relatives (table). Diagnosis and lateralization of the seizure focus into the left TLE and right TLE were determined by a comprehensive evaluation including detailed history, seizure semiology, video-EEG recordings, and neuroimaging. All patients had unilateral temporal lobe seizures. None of the patients had a mass lesion (cortical, tumor, or vascular malformations) or traumatic brain injury.
Twenty-four patients (80%) were studied during their hospitalization that lasted on average 10 Ϯ 3 days (range 7Ϫ20 days). Fifteen of them (63%) underwent the MRI examination on the last day of video-EEG telemetry and 9 toward the end of this investigation, when their antiepileptic medication was either reduced or suspended. The time interval between the last seizure and the MRI scan was on average 50 Ϯ 54 hours (range 5 min-utesϪ8 days). The 6 remaining patients were examined as outpatients. Five of them had a seizure 1 week before the examination and one 10 minutes before.
Twenty-four patients (80%) were operated on, 4 were awaiting surgery, and 2 refused surgery. We determined outcome according to the Engel classification scheme, 13 at a mean follow-up of 38 Ϯ 20 months. Twenty patients (83%) had an outcome of class I, 3 (12.5%) of class II, and 1 of class III. Qualitative pathologic examination of the resected tissue revealed hippocampal sclerosis in all patients.
Standard protocol approvals, registration, and patient consents. The Ethics Committee of the Montreal Neurological
Institute and Hospital approved the study, and written informed consent was obtained from all participants.
MRI acquisition and image processing. MR images were acquired on a 1.5-T Siemens Sonata scanner in the first 18 patients with TLE (9 female; mean age 30 Ϯ 9 years) and in 10 healthy control subjects (4 female; mean age 31 Ϯ 7 years) using an 8-channel phased-array head coil. After the upgrade of our MRI hardware, the subsequent 12 patients (7 female; mean age 29 Ϯ 8 years) and 11 healthy control subjects (6 female; mean age 30 Ϯ 8 years) were examined on a 3.0-T Siemens Trio Tim scanner using a 32-channel phased-array head coil. The DTI protocol consisted of a twice-refocused echo-planar imaging sequence. On the 1.5-T scanner, 54 axial slices were acquired with a voxel resolution of 2.5 ϫ 2.5 ϫ 2.5 mm 3 , repetition time (TR) ϭ 7.5 seconds, and echo time (TE) ϭ 94 msec, with diffusion-sensitized images in 30 directions with b ϭ 1,000 s/mm 2 , along with 5 nonϪdiffusion-weighted volumes (number of excitations ϭ 2). On the 3.0-T scanner, 63 axial slices were acquired with a voxel resolution 2 ϫ 2 ϫ 2 mm 3 , TR ϭ 8.4 seconds, and TE ϭ 90 msec, with diffusion-sensitized images in 64 directions with b ϭ 1,000 s/mm 2 and 1 nonϪdiffusionweighted volume.
T1-weighted images were acquired on each scanner using a 3-dimensional magnetization-prepared rapid-acquisition gradient echo, providing isotropic voxels of 1 ϫ 1 ϫ 1 mm. Images underwent automated correction for intensity nonuniformity and intensity standardization 14 and were linearly registered into a standardized stereotaxic space. 15 The hippocampus was segmented manually according to our previously described protocol. 16 Based on 2 SD below mean absolute volume or interhemispheric asymmetry in healthy control subjects, 23 patients had unilateral atrophy ipsilateral to the seizure focus and 7 had normal hippocampal volumes. DTI tractography. Each volume in the DTI dataset was linearly registered to the first nonϪdiffusion-weighted volume to minimize within-scan bulk motion. Tensor calculation, diagonalization, and tractography were performed using the software package MedINRIA 1.8. 17 Streamline tractography was performed in native space, initiated in all voxels with a fractional anisotropy (FA) value Ͼ 0.2. We selected the uncinate, inferior longitudinal, and arcuate fasciculi, fiber tracts that carry connections of the temporal lobe. These bundles were individually dissected by manually placing 2 large tract-selection regions on coronal slices using guidelines from WM atlases. 18, 19 In short, we first identified the lobar poles (temporal, frontal, and occipital) and then moved progressively along slices until the WM became visible, where tract-selection regions were drawn. For the uncinate and inferior longitudinal fasciculi, the first tract-selection region was placed at the temporal pole. The second region was placed at the frontal pole (uncinate) and occipital pole (inferior longitudinal fasciculus). The first tract-selection region for the arcuate fasciculus was placed in the superior temporal gyrus and the second in the frontal lobe WM. Both regions were drawn on a coronal slice at the level of the posterior edge of the internal capsules. The start and end points of all tracts were carefully assessed to be in the same anatomic locations for all subjects and only the portions of the tracts between the 2 selection regions were retained for analysis.
Mapping water diffusion parameters along the trajectory of the tracts. We have recently developed a method to analyze diffusion along WM tracts. 12 The steps are summarized in figure 1. Each tract is converted into a binarized volume. With use of the Chamfer algorithm, distances from each voxel in the tract's mask to both its start and end points are computed and averaged. The set of mean positions is then interpolated using a cubic B-spline curve. This curve represents the skeleton of the tract, thus allowing a smooth representation that is impervious to branches. The distance from the start point of the B-spline skeleton is then estimated. To standardize distances across subjects, the distance profile of the tract skeleton was partitioned into b portions (or bins) as D std (s) ϭ b (D(s)/D end ), where D(s) is the distance value at any given point s on the skeleton and D end is the maximum distance at the end point. Finally, the distance of each voxel x in the binary tract mask corresponds to the distance in the skeleton by
is a point on the skeleton with a standardized distance d. Note that the skeleton itself is not analyzed but rather all the voxels in the tract's mask after the estimation of their distance to the start point of the tract. The number of bins (b) was set to 50 to include at least 4 voxels per bin per tract. The starting positions for all fasciculi were in the temporal lobe (figure 2).
FA, mean (MD), parallel (D par ), and perpendicular diffusivities (D perp ) were calculated from the eigenvalues of the diffusion tensor (namely 1 , 2 , and 3 ), with D par ϭ 1 and D perp ϭ ( 2 ϩ 3 )/2. These 4 diffusion parameters were averaged across all voxels at each bin and plotted against their respective distance bins. We then smoothed the diffusion parameters along the normalized length of the tracts using a Gaussian kernel with a full-width at half-maximum (FWHM) of 2.5 bins. We calculated the effective smoothness (FWHM eff ) that takes into consideration not only the smoothness introduced by the blurring operation but also the intrinsic smoothness of the data, and its estimation is necessary for statistical analysis using random field theory. 20
Statistical analysis. We conducted our analysis using the SurfStat toolbox for Matlab (R2007a). For each DTI dataset (1.5 and 3.0 T), patients were analyzed relative to the epileptogenic lobe (i.e., ipsilateral and contralateral to the seizure focus).
To this purpose, we normalized the diffusion parameters at each bin using a z transformation with respect to the distribution of the corresponding hemisphere of controls (i.e., each patient's right/left parameter was expressed as a z score with respect to the right/left values of control subjects for each dataset). Group analysis. We evaluated bin-wise differences in diffusion parameters along each tract using one-tailed Student t tests. Analyses were first performed separately for 1.5-and 3.0-T data. Because group comparisons showed similar results (figure e-1 on the Neurology ® Web site at www.neurology.org), we report findings for the combined datasets. In a separate analysis, we assessed groupwise differences using the conventional whole-tract approach (averaging diffusion parameters of the entire tract, thus disregarding spatial information).
Clinical analysis. We evaluated the relation of hippocampal volume and time interval between last seizure and imaging to bin-wise DTI parameters using linear models. In clusters of groupwise diffusion anomalies, we assessed the effects of postsurgical outcome.
Seizure focus lateralization. To assess the ability of DTI parameters to lateralize the seizure focus in patients with TLE, we performed a linear discriminant analysis. We cross-validated the model using a leave-one-out procedure by which a patient is classified (as left TLE or right TLE) using the data of all patients other than that patient. This allows an unbiased assessment of lateralization performance for previously unseen patients with TLE. The discriminant analysis was performed on the bin-wise as well as on the whole-tract data.
Correction for multiple comparisons. We corrected significances for bin-wise analyses using random field theory on a cluster level, thereby controlling for the chance of ever reporting a false-positive finding to be less than 0.05. The number of contiguous bins showing a statistically significant difference at p Ͻ 0.05 was divided by the FWHM eff of the smoothing kernel to obtain the cluster's size in resels (a measure of the number of resolution elements in the statistical map). This can be thought of as similar to the number of independent observations. 20 Clusters were considered significant if their size in resels was larger than the threshold obtained from random field theory at ␣ ϭ 0.05.
RESULTS Spatial analysis along tracts.
Results are shown in figures 3 and 4. Ipsilateral to the seizure focus, the uncinate and inferior longitudinal fasciculi showed abnormally increased MD throughout their length (a reflection of simultaneous increase in D par and D perp ), although these abnormalities were always more severe in temporal segments. Conversely, increased MD was restricted to the temporal portion of the arcuate fasciculus. We found reduced FA in the ipsilateral temporal portion of the uncinate fasciculus. Contralateral increased MD was less marked and mainly present in the temporal portion of the inferior longitudinal and the uncinate fasciculi, with the latter displaying additional anomalies located in its frontal segment. Repeating the bin-wise group analysis in the subset of patients with normal hippocampal volumetry revealed the same pattern of abnormalities in the 3 tracts studied (i.e., localized diffusion alterations restricted to or more prominent within the ipsilateral temporal lobe). Bin-wise group differences were robust to changes of FWHM used for filtering the data. Figure e-2 shows the bin-wise percentage of patients with abnormal diffusion parameters plotted against length of tracts. Up to 40% of patients exhibited ipsilateral MD values 2 SD above the mean of control subjects in the temporal portions of the 3 fasciculi. Decreased FA was present in approximately 20% of patients and was distributed more homogeneously along the tracts.
Conventional whole-tract analysis. For the wholetract analysis, the most notable abnormalities were seen for MD, D par , and D perp of the 3 tracts studied, ipsilateral to seizure focus (figure e-3).
Clinical analysis. We found a negative correlation between time from last seizure and MD in the ipsilateral distal portion of the all 3 tracts. Conversely, we did not find any correlation between hippocampal volume and bin-wise diffusion along WM tracts. With respect to postsurgical outcome, comparing mean changes in clusters of diffusion anomalies between groups revealed trends for increased MD in the ipsilateral arcuate ( p ϭ 0.01 uncorrected) and inferior longitudinal fasciculus ( p ϭ 0.04 uncorrected) in patients who became seizure-free (Engel class I) compared with those with residual seizures after surgery (Engel classes IIϪIV).
Seizure focus lateralization.
To lateralize the seizure focus, we used diffusion parameters of the inferior longitudinal fasciculus, because it yielded the strongest groupwise differences. We obtained in each patient MD values within clusters of groupwise difference ( figure 3) and fed them to a linear discriminant classifier. This allowed correct lateralization in 87% of patients, including 91% (21 of 23) with hippocampal atrophy and 71% (5 of 7) with normal volume. Conversely, MD data from the whole-tract analyses yielded correct lateralization only in 70% of patients. DISCUSSION We performed a quantitative analysis of the spatial distribution of diffusion parameters along the uncinate, arcuate, and inferior longitudinal fasciculi. We used random field theory as a robust statistical framework for correction of multiple comparisons. We found localized diffusion alterations restricted to or more prominent within the ipsilateral temporal lobe. The centrifugal pattern of WM microstructural pathology tapering off as tracts exit the temporal lobe probably reflects astrogliosis related to chronic seizure activity in the vicinity of the focus, rather than being due to hippocampal damage. Indeed, repeating the bin-wise group analysis in the subset of patients with normal hippocampal volumetry revealed the same pattern of abnormalities. In addition, we did not find a correlation between hippocampal volume and diffusion anomalies along WM tracts. Hippocampal neuronal loss has been linked to progressively reduced volume of the fornix, its major output. 21 Nonetheless, because the 3 fasciculi we studied do not carry direct hippocampal efferents, it would be unexpected to find a correlation between their microstructural integrity and hippocampal volume. An alternate explanation for the centrifugal pattern is that axonal and myelin pathology may be consistent throughout the length of the tract, but the proportion of altered axons may decrease as intact axons distant from the epileptogenic tissue join the fascicle.
Whole-tract approaches may miss focal abnormalities, particularly when they occur in a small fraction of the tract. Indeed, the abnormally high diffusivity seen in the temporal portion of the arcuate fasciculus was not evident in the whole-tract analysis. The conventional approach also missed contralateral anomalies and yielded lower lateralization performance than our segmental analysis. We found trends for increased MD ipsilateral to the seizure focus in patients who became seizure-free compared with those who had residual seizures after surgery. Although these results have to be taken cautiously because of unbalanced outcome groups, they add to the body of evidence showing that structural damage, ipsilateral to the seizure focus, has significant prognostic value in epilepsy surgery. 22 Taken together, our results suggest that characterization of diffusion profiles of WM tracts may be of clinical value in assisting in the presurgical evaluation of patients with TLE, both in term of lateralization, particularly in those with unremarkable conventional imaging, and outcome prediction. Previous reports have demonstrated that alterations in MD vary with respect to the dynamics of seizure activity. 23 In the hyperacute phase after prolonged seizures or status epilepticus, there is a decrease in MD due to intracellular cytotoxic edema. In the subacute peri-ictal phase, which may last up to 5 days, 24 an increase in MD occurs in relation to vasogenic edema. The chronic phase is associated with neuronal loss and gliosis, leading to further MD increase as a consequence of the expansion of the interstitial water content. Gliotic changes of temporal lobe WM are indeed common in TLE. 25, 26 The majority of patients included in this study had undergone prolonged monitoring with reduced or no medication, leading to increased seizure frequency in the days before imaging. We found that the shorter the interval between the last seizure and the DTI was, the higher the MD of ipsilateral tracts. These results are in line with reports of elevated MD in the subacute postictal state. 27, 28 Notably, group comparisons revealed increased MD mainly in the temporal portion of the tracts, whereas effects of time form last seizure were observed in the distal, extratemporal segments. Hence, analysis of tract segments allowed dis-entangling potential pathophysiologic mechanisms, with the temporal portion showing signs of static microstructural damage due to chronic seizure activity, whereas changes in the distal portion seem to be modulated by postictal edema.
Mechanisms governing microstructural WM abnormalities within a given fascicle may differ with respect to its relation to the hippocampus. Previous DTI studies have shown that WM bundles directly related to the temporal neocortex present with more prominent abnormalities in the epileptogenic hemisphere, [29] [30] [31] whereas limbic pathways such as the fornix and cingulum are affected bilaterally. 29, 30, 32 Regardless of laterality, it is notable that our FA findings were relatively minimal and mainly seen along the ipsilateral temporal portion of the uncinate bundle. Because of the divergence in time interval between seizure activity and DTI acquisition, a direct comparison between studies is difficult. In our cohort, the relative lack of FA variations may be due to the short interval between the last seizure, along with the cumulative effect of increased seizure frequency during video-EEG telemetry, and the DTI examination. A reduction in FA is thought to reflect decreased axonal density and altered myelin membrane integrity. 33 Although water diffusion is perturbed chronically, a transitory increase in diffusivity due to peri-ictal vasogenic edema may augment the likelihood of water molecules to encounter tissue barriers, thus maintaining anisotropy and masking chronic FA decreases.
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